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Sensitive and selective detection of dense non-aqueous phase liquids (DNAPLs), volatile

organic compounds (VOCs), and other toxic compounds such as polychlorinated biphenyls (PCBs),

furan and dioxin, is an area of continuing importance for the DOE.  These classes of compounds are

commonly found as pollutants at waste sites, and their presence and concentrations in soil and

groundwater must be determined to direct remediation efforts and to provide post-remediation

monitoring. 

Two widely-accepted  analytical methods for the detection of chlorinated organic compounds

are negative ion chemical ionization mass spectrometry (NICI-MS) and gas chromatography with

electron capture detection.  Both of these techniques rely on the propensity of these compounds to

form negative ions due to their large cross sections for capture of low-energy electrons in their

ground electronic state. +RZHYHU� IRU�FRPSRXQGV�ZLWK�VPDOOHU�HOHFWURQ�FDSWXUH�FURVV�VHFWLRQV�
LQFOXGLQJ WKH�3&%
V�ZLWK�IHZ�FKORULQH�DWRPV�DQG�QRQ�FKORULQDWHG�92&
V��WKHVH�DQDO\WLFDO�PHWKRGV
DUH�FRQVLGHUDEO\�OHVV�VHQVLWLYH���

'XULQJ� WKH� SDVW� WKUHH� \HDUV�� XQGHU� D� �����(063� DZDUG��ZH� KDYH� LQYHVWLJDWHG� D� QRYHO
DSSURDFK IRU�WKH�HIILFLHQW�JHQHUDWLRQ�RI�QHJDWLYH�LRQV�LQ�D�ZLGH�YDULHW\�RI�FRPSRXQGV��7KLV�UHVHDUFK
SURJUDP ZDV�EDVHG�RQ�UHFHQWO\�GLVFRYHUHG�SK\VLFDO�SKHQRPHQRQ�RI�HQKDQFHG��HOHFWURQ�FDSWXUH�E\
H[FLWHG�HOHFWURQLF�VWDWHV��LQ�SDUWLFXODU�KLJK�5\GEHUJ�VWDWHV��:LWKLQ�WKH�SDVW�WKUHH�\HDUV��ZH�KDYH�PDGH
VLJQLILFDQW SURJUHVV� LQ� XQGHUVWDQGLQJ� WKH� EDVLF� PHFKDQLVPV� LQYROYHG� DQG� DOVR� LOOXVWUDWLQJ� WKH
IHDVLELOLW\ RI�WKH�WHFKQLTXH��,Q�SDUWLFXODU��ZH�KDYH�VKRZQ�WKDW���L��KLJK�5\GEHUJ�VWDWHV�RI�PROHFXOHV
FDQ EH�HIILFLHQWO\�SURGXFHG�XVLQJ IL[HG�IUHTXHQF\�ODVHUV�DQG�DOVR�XVLQJ�JORZ�GLVFKDUJHV� �LL��WKHVH
5\GEHUJ VWDWHV� KDYH� ORQJ� HQRXJK� OLIHWLPHV� IRU� HOHFWURQ� DWWDFKPHQW� WR� RFFXU�� DQG� �LLL�� HIILFLHQW
QHJDWLYH LRQ�IRUPDWLRQ�FDQ�EH�DFKLHYHG�LQ�FRPSRXQGV�VXFK�DV�EHQ]HQH�DQG�WROXHQH�WKDW�GR�QRW
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XQGHUJR VLJQLILFDQW�HOHFWURQ�FDSWXUH�LQ�WKHLU�JURXQG�VWDWHV��L�H���WKH\�FDQQRW�EH�GHWHFWHG�ZLWK�DQ\
VLJQLILFDQW�VHQVLWLYLW\�XVLQJ�WKH�H[LVWLQJ�QHJDWLYH�LRQ�EDVHG�DQDO\WLFDO�WHFKQLTXHV���
B. RESEARCH OBJECTIVES

3UHVHQW�DQDO\WLFDO�PHWKRGRORJLHV�IRU�WKH�GHWHFWLRQ�RI�FKORULQDWHG�FRPSRXQGV�LPSRUWDQW�WR'2(¶V HQYLURQPHQWDO�UHVWRUDWLRQ�SURJUDP��VXFK�DV�'1$3/V�>GHQVH�QRQ�DTXHRXV�SKDVH�OLTXLGV��VXFKDV FDUERQ� WHWUDFKORULGH�� WULFKORURHWK\OHQH� �7&(��� SHUFKORURHWK\OHQH� �3&(�@�� SRO\FKORULQDWHGELSKHQ\OV �3&%���DQG�RWKHUV��LQYROYH�GHWHFWLRQ�E\�QHJDWLYH�LRQ�EDVHG�DQDO\WLFDO�WHFKQLTXHV��7KHVHWHFKQLTXHV H[SORLW�HOHFWURQ�DWWDFKPHQW�WR�DQDO\WH PROHFXOHV�LQ�WKHLU�JURXQG�HOHFWURQLF�VWDWHV� DQGDUH OLPLWHG�WR�SDUWLFXODU�FRPSRXQGV�ZLWK�DSSURSULDWH�HOHFWURQ�FDSWXUH�FURVV�VHFWLRQV��!�DERXW�������FP��� )RU� H[DPSOH�� 3&%� FRQWDPLQDWLRQ� LV� GHWHFWHG� E\� DQDO\VLV� RI� PL[WXUHV� RI� FKORULQDWHGKRPRORJXHV RI�WKHVH�ELSKHQ\OV��+RPRORJXHV�ZLWK�ORZHU�QXPEHUV�RI�FKORULQHV�GR�QRW�HIILFLHQWO\DWWDFK WKHUPDO� HOHFWURQV� DQG� WKXV� DUH� QRW� GHWHFWHG� E\� HLWKHU� HOHFWURQ� FDSWXUH� FKURPDWRJUDSKLFGHWHFWRUV�RU�E\�QHJDWLYH�LRQ�FKHPLFDO�LRQL]DWLRQ�PDVV�VSHFWURPHWU\��:H�SURSRVHG�WKUHH QRYHO�DQDO\WLFDO�WHFKQLTXHV�EDVHG�RQ�HQKDQFHG�QHJDWLYH�LRQ�IRUPDWLRQYLD�HOHFWURQ�DWWDFKPHQW�WR�KLJKO\�H[FLWHG�HOHFWURQLF�VWDWHV�RI�PROHFXOHV�,Q RQH�RI�WKH�SURSRVHG�WHFKQLTXHV��WKH�H[FLWHG�VWDWHV�RI�WKH��DQDO\WH��PROHFXOHV�DUH�SRSXODWHGYLD ODVHU�H[FLWDWLRQ��WKH�UHVXOWLQJ�QHJDWLYH�LRQV�DUH�PDVV�DQDO\]HG�IRU�LGHQWLILFDWLRQ��7KH�RWKHU�WZRSURSRVHG WHFKQLTXHV�XWLOL]H�D�VSHFLDOL]HG�JDV�GLVFKDUJH�IRU�WKH�IRUPDWLRQ�RI�H[FLWHG�VSHFLHV��DQG�ORZ�HQHUJ\ HOHFWURQV�IRU�DWWDFKPHQW���DQG�WKXV�ZLOO�SURYLGH�D�FRVW�HIIHFWLYH�PHWKRG�LI�VXFFHVVIXO��LQ�RQHYHUVLRQ WKH�QHJDWLYH�LRQV�ZLOO�EH�PDVV�DQDO\]HG���DV�LQ�WKH�ODVHU�EDVHG�WHFKQLTXH���DQG�LQ�WKH�RWKHUWKH GHFUHDVH�LQ�HOHFWURQ�GHQVLW\�GXH�WR�H[FLWHG�VWDWH�DWWDFKPHQW�ZLOO�EH�PRQLWRUHG��HOHFWURQ�FDSWXUHGHWHFWRUPRGH���$�SODVPD�PL[LQJ�VFKHPH�ZLOO�EH�HPSOR\HG�WR�H[FLWH�WKH�DQDO\WH�PROHFXOHV��WKH\�ZLOOQRW EH�GLUHFWO\�VXEMHFWHG�WR�WKH�GLVFKDUJH��VR�WKDW�WKH�H[FLWHG�VWDWHV�RI�WKH�DQDO\WH�PROHFXOHV�ZLOO�QRWEH�GHVWUR\HG�E\�WKH�GLVFKDUJH��
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Our approach is based on two novel concepts: (i) when a molecule is excited to an energy

above its lowest ionization threshold, long-lived, core-excited Rydberg states are populated (in

addition to the ionization of the molecule)� DQG��LL��HOHFWURQ�DWWDFKPHQW�WR�VXFK�FRUH�H[FLWHG�5\GEHUJVWDWHV� �DV� ZHOO� DV� ³UHJXODU´� 5\GEHUJ� VWDWHV�� RI� PROHFXOHV� KDYH� PDQ\� RUGHUV� RI� PDJQLWXGHHQKDQFHPHQW LQ�HOHFWURQ�DWWDFKPHQW�FRPSDUHG�WR�WKH�FRUUHVSRQGLQJ�JURXQG�VWDWH�PROHFXOHV��:H�KDYHH[SORUHG WZR��PHWKRGV�IRU�DFKLHYLQJ�PROHFXODU�H[FLWDWLRQ�DQG�VXEVHTXHQW�HOHFWURQ�FDSWXUH��RQH�LVWR�XVH�IL[HG�IUHTXHQF\�ODVHUV��DQG�WKH�RWKHU�LV�WR�XVH�D�JORZ�GLVFKDUJH��'XH�WR�WKH�QRYHOW\�RI�WKH�FRQFHSWV�LQYROYHG��ZH�ZLOO�ILUVW�GHVFULEH�WKHVH�LGHDV�LQ�WKLV�VHFWLRQ�7KHQ WKH�FXUUHQW�VWDWXV�RI�UHVHDUFK��SURJUHVV�DFKLHYHG�GXULQJ�WKH�SDVW�WKUHH�\HDUV��ZLOO�EH�GHVFULEHGLQ�6HFWLRQ�&���
D��5\GEHUJ�6WDWHV�RI�0ROHFXOHV

5\GEHUJ VWDWHV�RI�DWRPV�DQG�PROHFXOHV�DUH�HOHFWURQLFDOO\�H[FLWHG�VWDWHV�ZKHUH�WKH�H[FLWHGHOHFWURQ�LV�ZHDNO\�ERXQG�WR�WKH�LRQ�FRUH��L�H���ORFDWHG�FORVH�WR�WKH�LRQL]DWLRQ�WKUHVKROG��DQG�WKXV�LWVELQGLQJ�HQHUJ\��(��FDQ�EH�DSSUR[LPDWHO\�JLYHQ�E\�WKH�5\GEHUJ�IRUPXOD�
( 
 	 5�Q	/�� (1)

ZKHUH��Q�LV�WKH�SULQFLSDO�TXDQWXP�QXPEHU��/ LV�WKH�TXDQWXP�GHIHFW��DQG�5�LV�WKH�5\GEHUJ�FRQVWDQW�IRU VPDOO�G�YDOXHV�WKH�IRUPXOD�UHVHPEOHV�WKDW�IRU�D�K\GURJHQ�DWRP��0RVW�SURSHUWLHV�RI�5\GEHUJ�VWDWHVYDU\ UDSLGO\�ZLWK�Q��W\SLFDOO\�DV�DQ�LQWHJHU�SRZHU�RQ�Q�>���@��6RPH�W\SLFDO�SURSHUWLHV�DUH�VXPPDUL]HGLQ�7DEOH�,�7KHUHIRUH� KLJK�5\GEHUJ�VWDWHV��WKRVH�ZLWK�KLJK�Q�YDOXHV��QRUPDOO\�Q!����KDYH�SURSHUWLHVWKDW DUH�UDGLFDOO\�GLIIHUHQW�IURP�WKH�ORZ�O\LQJ�VWDWHV��7KH\�KDYH�ODUJH�JHRPHWULF�FURVV�VHFWLRQV��ORQJOLIHWLPHV��DQG�VPDOO�ELQGLQJ�HQHUJLHV� GXH�WR�WKH�ODWWHU�IDFWRU��WKH\�FDQ�EH�LRQL]HG�E\�VPDOO�HOHFWULF
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ILHOGV� 'XH�WR�WKHLU�ODUJH�SRODUL]DELOLWLHV��ZKLFK�YDU\�DV�Q� >�@��WKH\�DOVR�KDYH�H[WUHPHO\�ODUJH�FURVVVHFWLRQV�IRU�LQWHUDFWLRQV�ZLWK�FKDUJHG SDUWLFOHV >�@��+RZHYHU��LQWHUDFWLRQV�ZLWK�QHXWUDO��QRQ�SRODUVSHFLHV LV�YHU\�ZHDN��DV�ZDV�ILUVW�SRLQWHG�RXW�E\�)HUPL�>�@��+LV�ZRUN�IROORZHG�WKH�H[SHULPHQWDO�ZRUNE\ $PDOGL�DQG�6HJUH� >�@�ZKR�PHDVXUHG� WKH� VKLIWV� RI�5\GEHUJ�HQHUJ\� OHYHOV�RI�DONDOL� DWRPV�DWGHQVLWLHV VXFK�WKDW�DERXW�WHQ�WKRXVDQG�UDUH�JDV�DWRPV�ZHUH�FRQWDLQHG�ZLWKLQ�WKH�5\GEHUJ�RUELW��7KLVLPSOLHG�WKDW�WKH�FROOLVLRQDO�LRQL]DWLRQ�RI�WKH�5\GEHUJ�VWDWHV�ZDV�VPDOO�$Q HOHFWURQ�LQ�D�5\GEHUJ�RUELWDO�LV�ORFDWHG�IDU�DZD\�IURP�WKH�FRUH��DQG�WKHUHIRUH�WKH�³FRUHHIIHFWV´ DUH�PLQLPDO�IRU�KLJK�5\GEHUJ�VWDWHV��([FHSW�IRU�PLQRU�GLIIHUHQFHV��+LJK�5\GEHUJ�VWDWHV�RIDWRPV DQG�PROHFXOHV�LQ�JHQHUDO�KDYH�VLPLODU�SURSHUWLHV�>���@��5HFHQWO\��K\GURJHQ�OLNH�5\GEHUJ�VWDWHVZLWK Q�!�����KDYH�EHHQ�REVHUYHG�LQ�ODUJH�PROHFXODU�FOXVWHUV�>�@��7KXV��ZH�FDQ�H[SHFW�WKH�ODUJH�FURVVVHFWLRQV IRU� HOHFWURQ� DWWDFKPHQW� WR�5\GEHUJ� VWDWHV� WR�EH�RI� FRPPRQ�RFFXUUHQFH�� WKLV� KDV�EHHQFRQILUPHG�E\�RXU�VWXGLHV�XS�WR�QRZ��VHH�6HFWLRQ�&����
7DEOH�,���6HOHFWHG�SURSHUWLHV�RI�5\GEHUJ�VWDWHV�ZLWK�Q ��DQG�Q ����
3URSHUW\ Q�'HSHQGHQFH Q � Q ���0HDQ�UDGLXV��FP� � ����î����� Q� ����î����� ����î�����%LQGLQJ�HQHUJ\��H9� � �����Q�� ���� ����/LIHWLPH��V� � Q� î������ �5 � Q� ��î����� �Q �� ����7KUHVKROG�,RQL]DWLRQ)LHOG��9�FP� � ����Q� ��� ��

,I WKH�H[FLWHG�HOHFWURQ�LV�LQ�D�5\GEHUJ�VWDWH�DQG�WKH�LRQ�FRUH�LV�YLEUDWLRQDOO\�URWDWLRQDOO\H[FLWHG� WKHQ�RQH�KDV�D�FRUH�H[FLWHG�5\GEHUJ�VWDWH��VHH�)LJ�����6LQFH�WKH�WRWDO�HQHUJ\�RI�VXFK�D�VWDWHLV�KLJKHU�WKDQ�WKH�LRQL]DWLRQ�SRWHQWLDO�RI�WKH�PROHFXOH��LW�LV HQHUJHWLFDOO\�SRVVLEOH�IRU�WKH�PROHFXOHWR LRQL]H�E\�WUDQVIHUULQJ�FRUH�HQHUJ\�WR�WKH�5\GEHUJ�HOHFWURQ��6XFK�DQ�DXWRLRQL]DWLRQ�SURFHVV�KDGEHHQ DVVXPHG�WR�EH�IDVW��SV�WLPH�VFDOH���KRZHYHU��UHFHQW�VWXGLHV�>����@�KDYH�VKRZQ�WKDW�VXFK�FRUH�H[FLWHG VWDWHV�FDQ�EH�ORQJ�OLYHG�DV�³UHJXODU´�5\GEHUJ�VWDWHV�DV�ORQJ�DV�WKH�LRQ�FRUH�LV�VWDEOH�>��@��:HKDYH VKRZQ�WKDW�VXFK�VWDWHV�FDQ�EH�HDVLO\�SURGXFHG�XVLQJ�IL[HG�IUHTXHQF\�ODVHUV�RU�JORZ�GLVFKDUJHV�VHH�WKH�SURJUHVV�UHSRUW�LQ�6HFWLRQ�&���
E��(QKDQFHG�(OHFWURQ�$WWDFKPHQW�WR�5\GEHUJ�6WDWHV�RI�0ROHFXOHV

(OHFWURQ DWWDFKPHQW�WR�PROHFXOHV�LQ�WKHLU�JURXQG HOHFWURQLF�VWDWHV KDV�EHHQ�VWXGLHG�IRUDOPRVW�D�FHQWXU\�>��@��:H�UHSRUWHG�WKH�ILUVW�REVHUYDWLRQ�RI�HOHFWURQ�DWWDFKPHQW�WR�HOHFWURQLFDOO\�H[FLWHG�PROHFXOHV LQ������ZLWK�WKH�PHDVXUHPHQW�RI�HOHFWURQ�DWWDFKPHQW WR�WKH�ILUVW�H[FLWHG�WULSOHWVWDWH RI�WKLRSKHQRO�>�����@��WKH�UDWH�FRQVWDQW�IRU�HOHFWURQ�DWWDFKPHQW�ZDV�VKRZQ�WR�DERXW���RUGHUVRI PDJQLWXGH�KLJKHU�FRPSDUHG�WR�WKH�JURXQG�VWDWH�RI�WKLRSKHQRO�>��@��6LQFH�WKHQ�ZH�>�����@�DQG
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RWKHUV >�����@� KDYH� UHSRUWHG� HQKDQFHG� UDWH� FRQVWDQWV� IRU� HOHFWURQ� DWWDFKPHQW� WR� ORZ�O\LQJHOHFWURQLFDOO\�H[FLWHG�VWDWHV�RI�D�YDULHW\�RI�PROHFXOHV��$V�ZH�SRLQW�RXW�EHORZ��GLVVRFLDWLYH�HOHFWURQDWWDFKPHQW LV�HQKDQFHG�ZLWK�WKH�LQFUHDVLQJ�LQWHUQDO�HQHUJ\�RI�D�PROHFXOH��6XEVHTXHQWO\��ZH�REVHUYHGH[WUHPHO\ ODUJH�UDWH�FRQVWDQWV�LQ�WKH�UDQJH�RI����� ������� FP�V�� IRU�HOHFWURQ�DWWDFKPHQW�WR�D�ZLGHYDULHW\ RI�PROHFXOHV�H[FLWHG�WR�HQHUJLHV�DERYH WKHLU LRQL]DWLRQ�WKUHVKROGV�>�����@��'XULQJ WKH�SDVWWKUHH \HDUVZH�KDYH�FRQGXFWHG�VWXGLHV�WR�VKRZ�WKDW�WKH�HQKDQFHG�HOHFWURQ�DWWDFKPHQW�LQ�WKHVH�FDVHVLV�GXH�WR�FRUH�H[FLWHG�KLJK�5\GEHUJ�VWDWHV��VHH�6HFWLRQ�&���D�'LVVRFLDWLYH�HOHFWURQ�DWWDFKPHQW�WR�D�PROHFXOH�$%��SRO\DWRPLF LQ�JHQHUDO�RI�LQWHUQDO�HQHUJ\(�FDQ�EH�UHSUHVHQWHG�DV�D�WZR�VWHS�SURFHVV�

ZKHUH� 1F LV�WKH�FURVV�VHFWLRQ�IRU�WKH�FDSWXUH�RI�DQ�HOHFWURQ�RI�HQHUJ\�H�WR�IRUP�WKH�WUDQVLHQW�SDUHQWDQLRQ$%� ZKLFK�VXEVHTXHQWO\�GLVVRFLDWHV�ZLWK�SUREDELOLW\�S�WR�IRUP�WKH�IUDJPHQW�DQLRQ�$� DQG�RQHRU�PRUH�QHXWUDO�IUDJPHQWV�7KH�GLVVRFLDWLYH�DWWDFKPHQW�FURVV�VHFWLRQ��1GD��LV�WKXV�JLYHQ�E\�

7KH FDSWXUH�FURVV�VHFWLRQ��1F� LV�HQKDQFHG�JUHDWO\�IRU�KLJKO\�H[FLWHG�VWDWHV�GXH�WR� WKH�HQKDQFHGSRODUL]DWLRQ LQWHUDFWLRQ��)RU�HOHFWURQ�PROHFXOH�LQWHUDFWLRQV��WKH�SRODUL]DWLRQ�SRWHQWLDO��9SRO� LV�JLYHQE\�

ZKHUH . LV�WKH�PROHFXODU�SRODUL]DELOLW\��H�LV�WKH�HOHFWURQ�FKDUJH��DQG�U�LV�WKH�GLVWDQFH�EHWZHHQ�WKHHOHFWURQ DQG�WKH�PROHFXOH���9RJW�DQG�:DQQLHU�>��@�VKRZHG�WKDW�WKH�TXDQWXP�PHFKDQLFDO�FDSWXUHFURVV�VHFWLRQ�LV�JLYHQ�E\��

ZKHUH D� DQG�0 DUH�WKH�%RKU�UDGLXV�DQG�WKH�HQHUJ\�RI�WKH�DWWDFKLQJ�HOHFWURQ�UHVSHFWLYHO\��DOO�DUH�LQ
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( � 0 ! '�$%� 	 ($�$� � (7)

DWRPLF�XQLWV�(YHQ WKRXJK�SRODUL]DELOLWLHV�RI�KLJKO\�H[FLWHG�PROHFXODU�VWDWHV�KDYH�QRW�EHHQ�UHSRUWHG�WR�RXUNQRZOHGJH� WKRVH�IRU�+LJK�5\GEHUJ�VWDWHV�RI�VHYHUDO�DWRPV�KDYH�EHHQ�UHSRUWHG�>�����@��)URP�WKHVHPHDVXUHPHQWV� . � Q� ZKHUH�. LV�LQ�DWRPLF�XQLWV��DQG�Q�LV�WKH�SULQFLSDO�TXDQWXP�QXPEHU��7KH�DERYHUHODWLRQVKLSV�FDQ�EH�FRPELQHG�WR�\LHOG��DOVR� VHH�>��@��
1GD 
 ��Sî��	�� Q �0 (6)

ZKHUH 0 LV�LQ�H9�DQG�1GD LV�LQ�FP�� 7KLV�OHDGV�WR�DQ�HQHUJ\�LQGHSHQGHQW�HOHFWURQ�DWWDFKPHQW�UDWHFRQVWDQW� NGD� RI�� �S�î����� Q��� FP�V��� +RZHYHU��DV�WKH�HQHUJ\�RI�WKH�DWWDFKLQJ�HOHFWURQ�LV�LQFUHDVHG�WKH DELOLW\�RI�WKH�5\GEHUJ�HOHFWURQ�WR�UHVSRQG�WR�WKH�ILHOG�RI�WKH�LQFRPLQJ�HOHFWURQ�LV�GHFUHDVHG��DQGWKXV�WKH�DERYH�IRUPXOD�IRU�WKH�UDWH�FRQVWDQW�VKRXOG�EH�YDOLG�RQO\�IRU�ORZ�HOHFWURQ�HQHUJLHV�'XH WR�WKH�ODUJH�LQWHUQDO�HQHUJ\�RI�WKH�WUDQVLHQW�SDUHQW�QHJDWLYH�LRQ�LQ�(T������LQ�WKH�FDVH�RIDWWDFKPHQW�WR�D�5\GEHUJ�PROHFXOH��LW�FDQ�EH�H[SHFWHG�WR�GLVVRFLDWH�UDSLGO\�>�����@��)RU�WKH�IROORZLQJGLVFXVVLRQ� ZH�DVVXPH�D�YDOXH�RI�����IRU�S��7KLV�\LHOGV�D��NGD RI��� ���� Q��� FP�V����ZKLFK�FDQ�EHH[SHFWHG WR�EH�FRUUHFW�ZLWKLQ�DQ�RUGHU�RI�PDJQLWXGH���)RU JURXQG�VWDWH�DWRPV�DQG�PROHFXOHV��WKHHIIHFWLYH UDQJH�RI�HOHFWURQ�PROHFXOH�LQWHUDFWLRQ�LV�VPDOO�FRPSDUHG�ZLWK�WKH�HOHFWURQ�GH�%URJOLHZDYHOHQJWK�IRU�VORZ�HOHFWURQV��DQG�WKXV�WKH�V�ZDYH�VFDWWHULQJ�FURVV�VHFWLRQ�KDV�EHHQ�WDNHQ�WR�EH�DQXSSHU OLPLW�IRU�HOHFWURQ�VFDWWHULQJ�FURVV�VHFWLRQV��+RZHYHU��WKLV�OLPLW�GRHV�QRW�DSSO\�IRU�KLJKO\�H[FLWHG VWDWHV�GXH�WR�WKHLU�ODUJH�SRODUL]DELOLWLHV�ZKLFK�LQFUHDVH�WKH�HOHFWURQ�PROHFXOH�LQWHUDFWLRQUDQJH��DOVR�VHH�>�����@�� )RU�H[DPSOH��WKH�ND YDOXH�IRU�D�KLJK�5\GEHUJ�VWDWH ZLWK�Q ���ZRXOG�EH������ FP�V����LQ�FRPSDULVRQ��WKH�ND YDOXHV�IRU�JURXQG�VWDWH�PROHFXOHV�DUH��RQ�WKH�DYHUDJH��� ����� FP�V��ZLWK WKH�PD[LPXP�YDOXHV�EHLQJ�DURXQG���� FP�V�� IRU�VWURQJ�DWWDFKHUV�OLNH�6)�� 5\GEHUJ�VWDWHV�RIDWRPV DQG�PROHFXOHV�KDYH�EHHQ�VKRZQ�WR�SRVVHVV�H[WUHPHO\�ODUJH�FURVV�VHFWLRQV�IRU�YDULRXV�FROOLVLRQSURFHVVHV�� VHH� IRU� H[DPSOH�� >���@��+RZHYHU�� RXU� VWXGLHV� DUH� WKH� ILUVW� RQ� HOHFWURQ� DWWDFKPHQW� WR5\GEHUJ�VWDWHV�RI�PROHFXOHV�7KH GLVVRFLDWLYH�HOHFWURQ�DWWDFKPHQW�SURFHVV��GHSLFWHG�LQ�(T�����LV�HQHUJHWLFDOO\�SRVVLEOHZKHQ�

ZKHUH '�$%��LV�WKH�GLVVRFLDWLRQ�HQHUJ\�RI�$%��DQG�($�$��LV�WKH�HOHFWURQ�DIILQLW\�RI�$��Dissociation
energies of molecules are usually � 5 eV; EA is positive for atoms or molecular fragments that form
stable negative ions; ionization thresholds of molecules are almost always higher than 7 eV, and thus
for Rydberg states, E > 7 eV (see Fig. 1. Core-excited Rydberg states of molecules have even higher
energy; see Fig. 2). Therefore, the left hand side of Eq. 7 is at least 2 eV greater than the right hand
side. Hence electron attachment to Rydberg states of molecules lying close to their ionization
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thresholds is energetically possible at any electron energy, including thermal energy electrons
for which the capture cross sections are quite large. 6R�IDU��ZH�KDYH�REVHUYHG�HQKDQFHG�HOHFWURQDWWDFKPHQW WR�DOO�WKH�PROHFXOHV�WKDW�ZH�KDYH�LQYHVWLJDWHG�>�����������@��H[FHSW�IRU�1�� WKH�HOHFWURQDIILQLW\�RI�WKH�1�DWRP�LV�QHJDWLYH�>��@�-XVW E\�KDYLQJ�D�ODUJH�LQWHUQDO�HQHUJ\�GRHV�QRW�JXDUDQWHH�HOHFWURQ�DWWDFKPHQW��7KH�H[FLWHGVWDWH PXVW�OLYH�ORQJ�HQRXJK�IRU�WKH�HOHFWURQ�WR�EH�FDSWXUHG��)RUWXQDWHO\��WKH�KLJK�5\GEHUJ�VWDWHV�GRKDYH FKDUDFWHULVWLFDOO\�ORQJ�OLIHWLPHV�>���@��DOVR�VHH�7DEOH�,��5HFHQWO\��LW�KDV�EHHQ�VKRZQ�>����@�WKDWHYHQ�WKH�FRUH�H[FLWHG�+LJK�5\GEHUJ�VWDWHV��SURGXFHG�YLD�H[FLWDWLRQV�WR�HQHUJLHV�DERYH�WKH�LRQL]DWLRQWKUHVKROGV��KDYH�OLIHWLPHV�LQ�WKH�PLFURVHFRQG�UDQJH��VHH�WKH�SURJUHVV�UHSRUW�EHORZ�7KH�KLJK�HIILFLHQF\�DVVRFLDWHG�ZLWK�WKH�QHZO\�GLVFRYHUHG HOHFWURQ�DWWDFKPHQW�SURFHVV�ZDVUHFHQWO\ LOOXVWUDWHG�ZKHQ�LW�ZDV�VKRZQ�WR�EH�UHVSRQVLEOH�IRU�ODVHU�DFWLRQ�LQ�DOXPLQXP�>��@��$V�LQ�WKHFDVH RI�PDQ\�QHZ�UHVHDUFK�DUHDV��WKLV�KLJKO\�HIILFLHQW�HOHFWURQ�DWWDFKPHQW�SURFHVV�DSSHDUV�WR�KDYHDSSOLFDWLRQV LQ�D�YDULHW\�RI�EDVLF�DQG�DSSOLHG�DUHDV��6R�IDU��LQ�DGGLWLRQ�WR�ODVHU�HPLVVLRQ�LQ�DOXPLQXPPHQWLRQHG�DERYH��DSSOLFDWLRQV�LQ�WKH�IROORZLQJ�DUHDV�KDYH�EHHQ�SRLQWHG�RXW�

�L���QHJDWLYH�LRQ�DQG�QHXWUDO�EHDP�WHFKQRORJLHV�>�����@��LL��SODVPD�UHPHGLDWLRQ�RI�WR[LF�FRPSRXQGV�>�����@��LLL��SODVPD�SURFHVVLQJ�RI�PDWHULDOV�>�����@��LY��FRQWLQXRXV�89�ODVHU�>��@��DQG��Y��FRURQD�VWDELOL]DWLRQ�LQ�JDVHRXV�GLHOHFWULFV�>��@�

2. Techniques and Results

'XULQJ�WKH�SDVW�WKUHH�\HDUV��ZH�KDYH���L� FRQGXFWHG�EDVLF�VWXGLHV�WR�FODULI\�WKH�HOHFWURQ�DWWDFKPHQWPHFKDQLVPV�LQYROYHG�LQ�PROHFXOHV�ODVHU�H[FLWHG�WR�HQHUJLHV�DERYH�WKHLU�,3V�>�������������@���LL�LOOXVWUDWHG WKDW�LQWHQVH�QHJDWLYH�LRQ�PDVV�VSHFWUD�FDQ�EH�JHQHUDWHG�LQ�EHQ]HQH�DQG�WROXHQH�>�����@ZKLFK�JHQHUDWH�QHJDWLYH�LRQV�ZHDNO\�XVLQJ�FRQYHQWLRQDO�PHWKRGV��DQG��LLL��GHVLJQHG�DQG�FRQGXFWHGH[SHULPHQWV WR�VKRZ�WKDW�JORZ�GLVFKDUJHV�FDQ�EH�XVHG�WR�XVHG�H[FLWH�PROHFXOHV�DQG�WR�DFKLHYHVXEVHTXHQW�HIILFLHQW�QHJDWLYH�LRQ�JHQHUDWLRQ�>�����������@��$V�D�UHVXOW�RI�WKHVH�VWXGLHV��ZH�QRZEHWWHU XQGHUVWDQG�WKH�EDVLF�HOHFWURQ�DWWDFKPHQW�PHFKDQLVPV�LQYROYHG�DQG�WKXV�KRZ�EHVW�WR�XWLOL]H
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WKLV�NQRZOHGJH�LQ�VHYHUDO�SRVVLEOH�DQDO\WLFDO�LQVWUXPHQWV�

D�/DVHU�6WXGLHV
:H�ILUVW FRQGXFWHG�D�VHULHV�RIH[SHULPHQWV� WR� XQGHUVWDQG� WKH� EDVLFHOHFWURQPHFKDQLVPV�LQYROYHG�ZKHQ�DPROHFXOH LV�ODVHU�H[FLWHG�WR�DQ�HQHUJ\DERYH� LWV� ,3�� 2XU� SUHYLRXVH[SHULPHQWV >�����@� KDG� SURYLGHGHYLGHQFH WR�VKRZ�WKDW�WKH�QHJDWLYH�LRQIRUPDWLRQ ZDV� QRW� GXH� WR� LRQ�SDLUIRUPDWLRQ��DQG� WKDW� LW�ZDV�GXH� WR�DQHOHFWURQ DWWDFKPHQW�SURFHVV��6LQFH�DOORI WKH� PROHFXOHV� ZKHUH� ZH� KDGREVHUYHG� HIILFLHQW� QHJDWLYH� LRQIRUPDWLRQ GLG� QRW� DWWDFK� HOHFWURQVWKHLU JURXQG�VWDWHV��ZH�FRQFOXGHG�WKDW�VRPH�W\SH�RI�D�ORQJ�OLYHG�H[FLWHG�VWDWH�PXVW�KDYH�EHHQ�IRUPHGZKHQ WKH�PROHFXOHV�ZHUH�H[FLWHG�WR�DQ�HQHUJ\�DERYH�WKHLU�,3V��7KH�ORJLFDO�FDQGLGDWHV�ZHUH�KLJK�5\GEHUJ VWDWHV�ZKLFK�QRUPDOO\�KDYH�ORQJ�OLIHWLPHV�DQG�ODUJH�FURVV�VHFWLRQV�IRU�YDULRXV�FROOLVLRQSURFHVVHV >���@����+RZHYHU��VWXGLHV�RQ�HOHFWURQ�DWWDFKPHQW�E\ 5\GEHUJ�VWDWHV�RI�PROHFXOHV KDG�QRWEHHQ FRQGXFWHG��HYHQ�WKRXJK�HOHFWURQ�FDSWXUH�E\ HOHFWURQHJDWLYH�PROHFXOHV�IURP�DWRPLF�5\GEHUJVWDWHV KDV�EHHQ�ZHOO�NQRZQ��VHH�>��@�DQG�UHIHUHQFHV�WKHUHLQ��:H KDG�SURSRVHG�WKH�IROORZLQJ�VHTXHQFH�RI�HYHQWV� WR�H[SODLQ� WKH�HIILFLHQW�QHJDWLYH�LRQIRUPDWLRQ�LQ�PROHFXOHV�ODVHU�H[FLWHG�WR�HQHUJLHV�DERYH�WKHLU�,3V�>��@��ZKHQ�D�ODVHU�SXOVH�LQGXFHGWUDQVLWLRQV RI�D�PROHFXOH�WR�DQ�HQHUJ\�DERYH�WKH�LRQL]DWLRQ�WKUHVKROG��D�VLJQLILFDQW�IUDFWLRQ�RI�WKHVH

)LJ���� $�VFKHPDWLF�GLDJUDP�VKRZLQJ���WKH�FRQWLQXXP�GLVFUHWH�LQWHUDFWLRQV�ZKLFK�OHDG�WR�WKH��IRUPDWLRQRI�FRUH�H[FLWHG�5\GEHUJ�VWDWHV��Y�DQGM�GHQRWH��YLEUDWLRQDO�DQG�URWDWLRQDO�VWDWHV�
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Fig. 3. The TOF appaatus.

Fig. 2. The grid arrangement for the TOF
experiments of [9,11].

WUDQVLWLRQV OHG� WR� WKH� LQGLUHFW� IRUPDWLRQ� RI� KLJK�5\GEHUJ� VWDWHV�� WKHVH� ORQJ�OLYHG� VWDWHV� LQ� WXUQDWWDFKHG�HOHFWURQV�WKDW�ZHUH�FRQFRPLWDQWO\�SURGXFHG�YLD�PROHFXODU�LRQL]DWLRQ��VHH�)LJ����
,W KDG�EHHQ�JHQHUDOO\�EHOLHYHG�WKDW�PROHFXOHV�H[FLWHG�WR�HQHUJLHV�DERYH�WKHLU�,3V�VKRXOG�HLWKHULRQL]H RU�XQGHUJR�IDVW��VXE�QDQRVHFRQG��GLVVRFLDWLRQ��+RZHYHU��RXU�H[SHULPHQWV�VKRZHG�WKDW���L�VLJQLILFDQW IUDFWLRQ�RI�H[FLWDWLRQV�HQG�XS�LQ�QHXWUDO�H[FLWDWLRQV�ZKHUH�WKH�H[FLWHG�HOHFWURQ�LV�LQ�DERXQG 5\GEHUJ�VWDWH�ZLWK� WKH� LRQ�FRUH�FDUU\LQJ� WKH�³H[FHVV�HQHUJ\´��VHH�)LJ������DQG��LL�� WKHVH³VXSHUH[FLWHG´�QHXWUDO�VWDWHV�FDQ�OLYH��ORQJ�HQRXJK�WRDWWDFK HOHFWURQV�DQG� LQ�VRPH�FDVHV�KDYH� OLIHWLPHV�RIVHYHUDO�PLFURVHFRQGV��VHH�EHORZ�:H HPSOR\HG�D�SXOVHG�PROHFXODU�EHDP�WLPH�RI�IOLJKW PDVV� VSHFWURPHWHU� �72)�� DUUDQJHPHQW� WRVWXG\� WKH� G\QDPLFV� RI� WKH� KLJKO\�H[FLWHG� VWDWHVSURGXFHG YLD�ODVHU�H[FLWDWLRQ�RI�PROHFXOHV�WR�HQHUJLHVDERYH� WKHLU� ORZHVW� ,3V� >����@�� 7KH� KHDUW� RI� WKH

H[SHULPHQWDO DUUDQJHPHQW�>�@�LV�VKRZQVFKHPDWLFDOO\ LQ� )LJ�� �� �WKH� FRPSOHWHDSSDUDWXV�LV�VKRZQ�LQ�)LJ������WKLV�LV�DYDULDWLRQ� RI� WKH� SUHYLRXV� 0DVV$QDO\]HG7KUHVKROG�,RQL]DWLRQ��0$7,�WHFKQLTXH >��@�WKDW�KDG�EHHQ�GHYHORSHGIRU WKH� =HUR� (OHFWURQ� .LQHWLF� (QHUJ\�=(.(� VWXGLHV� >�@�� 7KH� SXOVHGPROHFXODU� EHDP�ZDV� LQWHUFHSWHG� E\� DODVHU EHDP� LQ� WKH� ODVHU� LQWHUDFWLRQUHJLRQ ORFDWHG�EHWZHHQ�JULGV����DQG����
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7KH JDV�MHW�FDUULHG�WKH�SRVLWLYH�LRQV�DQG�QHXWUDO�H[FLWHG�VSHFLHV�SURGXFHG�E\�WKH�ODVHU�SXOVH�WR�WKHH[WUDFWLRQ UHJLRQ�EHWZHHQ�WKH�JULGV����DQG������$�YROWDJH�SXOVH�ZLWK�DPSOLWXGH��UDQJLQJ�IURP����WR��� 9��ZDV�DSSOLHG�WR�JULG����DIWHU�D�JLYHQ�WLPH�GHOD\�IURP�WKH�ODVHU�SXOVH���7KLV�YROWDJH�SXOVHVHUYHG WZR�SXUSRVHV���L��LW�LRQL]HG�WKH�KLJK�5\GEHUJ�VWDWHV�SUHVHQW�LQ�WKH�H[WUDFWLRQ�UHJLRQ�DW�WKDWWLPH� DQG��LL��LW�SXVKHG�RXW�ERWK�WKH�GLUHFW LRQV���WKRVH�SURGXFHG�YLD�GLUHFW�LRQL]DWLRQ�LQ�WKHLQWHUDFWLRQ UHJLRQ��DQG WKH LRQV�SURGXFHG�LQ�WKH�H[WUDFWLRQ�UHJLRQ�YLD�ILHOG�LRQL]DWLRQ�RI�WKHKLJK�5\GEHUJV� LQWR�D�WLPH�RI��IOLJKW��72)��PDVV�VSHFWURPHWHU�IRU�PDVV�DQDO\VLV��%\�NHHSLQJ�WKHSRVLWLYH ELDV�YROWDJH�RQ�JULG����DERYH�D�FHUWDLQ�WKUHVKROG�YDOXH��WKH�GLUHFW�LRQV�FRXOG�EH�SUHYHQWHGIURP HQWHULQJ�WKH�H[WUDFWLRQ�UHJLRQ���7KXV��WKH�LRQ�VLJQDO�REVHUYHG�ZLWK�D�ELDV�YROWDJH�DERYH�WKLV�FXW�RII�YDOXH�ZDV�GXH�WR�WKH�ILHOG�LRQL]DWLRQ RI�QHXWUDO�KLJK�5\GEHUJ�VWDWHV�LQ�WKH�H[WUDFWLRQ�UHJLRQ�E\WKH�YROWDJH�SXOVH�'DWD IRU�EHQ]HQH�DW�WKH�.U)�ODVHU�OLQHDUH VKRZQ�LQ�)LJ����>�@��7KHVH�ILJXUHV�VKRZ72) VSHFWUD� DW� GLIIHUHQW� WLPH� GHOD\V� RI� WKHLRQL]DWLRQ�H[WUDFWLRQ SXOVH�ZLWK�UHVSHFW�WR�WKHODVHU SXOVH��)RU�WLPH�GHOD\V�XS�WR�VHYHUDO��VWKHUH ZDV� QR� VLJQDO� EHFDXVH� WKH� GLUHFWLRQV�+LJK�5\GEHUJV WRRN� WKDW�PXFK� WLPH� WRPRYH IURP� WKH� LQWHUDFWLRQ� UHJLRQ� WR� WKHH[WUDFWLRQ�UHJLRQ��7KH�GDWD�WDNHQ�IRU�D ]HURELDV YROWDJH RQ� JULG� ��� DUH� VKRZQ� LQ� )LJ���D�� 7KH� GLUHFW� LRQV� DV� ZHOO� DV� WKH� KLJK�5\GEHUJV PRYHG� ZLWK� WKH� VDPH� YHORFLW\GLVWULEXWLRQ RI�WKH�JDV�MHW��DQG�KHQFH�WKH�WZRVLJQDOV ZHUH�PHUJHG�LQ�WKLV�FDVH��7KH�VLJQDOSURILOH ZDV� SULPDULO\� GHWHUPLQHG� E\� � WKHYHORFLW\�GLVWULEXWLRQ�RI�WKH�JDV�MHW��

�� �� �� ����������������������� 'LUHFW�,RQV���+5V
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)LJ���� 7LPH�RI�IOLJKW�VSHFWUD�IRU�EHQ]HQH���D�GDWD�IRU�]HUR�ELDV�YROWDJH�RQ�JULG������E�GDWD�IRU�ELDV�YROWDJH�RI����9�RQJULG����>��@�



11

)URP WKH�GDWD�RI�)LJ����D���ZH�HVWLPDWH�WKDW�WKH�GLUHFW�LRQV�FDQ�EH�VWRSSHG�E\�DSSO\LQJ�D�ELDVYROWDJH RI�����9�WR�JULG����>�@��)LJXUH���E��VKRZV�GDWD�IRU�����9�ELDV�YROWDJH�DSSOLHG�WR�JULG����1RWH WKDW� WKLV� ELDV� ILHOG� ZRXOG� KDYH� ILHOG�LRQL]HG� +LJK�5\GEHUJV� ZLWK� WKH� SULQFLSDO� TXDQWXPQXPEHU� Q�� �����DOVR��WKH�SXOVHG�YROWDJH�RI����9�XVHG�FRUUHVSRQG�WR�D�ILHOG�LRQL]HG�+LJK�5\GEHUJVLJQDO�IRU�VWDWHV�ZLWK�Q������7KHUHIRUH��WKH�VWDWHV GHWHFWHG�LQ�WKLV�H[SHULPHQW�KDG����Q�������,W�LVFOHDU IURP�)LJ���E��WKDW�WKHVH�QHXWUDO�VXSHUH[FLWHG�KLJK�5\GEHUJ�VWDWHV�KDYH�OLIHWLPHV�H[FHHGLQJ����V� LW�LV�XQOLNHO\�WKDW�DQ\�FROOLVLRQDO�VWDELOL]DWLRQ�FRXOG�RFFXU�DW�SUHVVXUHV�RI�WKH�RUGHU�RI������ 7RUUHVWLPDWHG LQ�WKH�ODVHU�LQWHUDFWLRQ�UHJLRQ�>�@��,W�LV�VXUSULVLQJ�WR�VHH�WKDW�VLJQLILFDQW�IUDFWLRQ����������RI�WKH�H[FLWDWLRQV�OHDG�WR�WKH�IRUPDWLRQ�RI�WKHVH�ORQJ�OLYHG�VXSHUH[FLWHG�KLJK�5\GEHUJ�VWDWHV�7KHUHIRUH� WKH�WZR�SKRWRQ�H[FLWDWLRQ�RI�EHQ]HQH�DW�WKH�.U)�ODVHU�OLQH�OHDGV�WR�WKH�IRUPDWLRQRI�ORQJ�OLYHG�KLJK�5\GEHUJ�VWDWHV�LQ�DGGLWLRQ�WR�GLUHFW�LRQL]DWLRQ�

&�+� � �K� â &�+ �� � H 	 �GLUHFW LRQL]DWLRQ� ��D�&�+ ��� �+5 IRUPDWLRQ� ��E�
7KH FRUH�H[FLWHG�+LJK�5\GEHUJ�VWDWH�WKDW�LV�SURGXFHG�YLD����E��LV�HVVHQWLDOO\�D�³=(.(�VWDWH´ZKHUH�WKH�H[FLWHG�HOHFWURQ�LV�LQ�D�KLJK�5\GEHUJ�VWDWH�DQG�WKH�H[FHVV�HQHUJ\�RI�� �����H9�LV�LQ�WKHYLEUDWLRQDO HQHUJ\�RI�WKH�LRQ�FRUH��VHH�)LJ�����WZR�SKRWRQ�HQHUJ\�RI�WKH�.U)�OLQH� ����H9��LRQL]DWLRQWKUHVKROG RI�EHQ]HQH� ������H9�>��@���6XFK�WUDQVLWLRQV�VHHPV�WR�EH�RI�FRPPRQ�RFFXUUHQFH�HYHQ�LIWKH )UDQFN�&RQGRQ�IDFWRUV�IRU�VXFK�WUDQVLWLRQV�LQ�JHQHUDO�DUH�H[SHFWHG�WR�EH�VPDOO��(YLGHQFH�IRUQHXWUDO ORQJ�OLYHG�VWDWHV�O\LQJ�ZHOO��DERYH�WKH�,3�RI�EHQ]HQH�>�@�DQG�12� >��@�KDG�EHHQ�UHSRUWHG�LQ=(.( H[SHULPHQWV��:H�KDG�REVHUYHG�LQGLUHFW�HYLGHQFH�IRU�VXFK�VWDWHV�LQ�D�QXPEHU�RI�PROHFXOHV�LQRXU SUHYLRXV�HOHFWURQ�DWWDFKPHQW�VWXGLHV�RQ�ODVHU�H[FLWHG�PROHFXOHV��VHH�>�����@�DQG�UHIHUHQFHVWKHUHLQ� 7KHUHIRUH��WKH�SRSXODWLRQ�RI�WKHVH�ORQJ�OLYHG�VXSHUH[FLWHG�VWDWHV��RU��FRUH�H[FLWHG�5\GEHUJVWDWHV� VHHPV�WR�EH�RI�FRPPRQ�RFFXUUHQFH� 7KHVH FDQ�EH�YLHZHG�DV�WUDQVLWLRQV�WR�WKH�LRQL]DWLRQFRQWLQXXP IROORZHG�E\�WKH�FDSWXUH�RI�WKH�RXWJRLQJ�HOHFWURQ�LQWR�D�KLJK�5\GEHUJ�VWDWH��LQ�WKLV
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FDSWXUH SURFHVV�WKH�H[FHVV�NLQHWLF�HQHUJ\�RI�WKH�HOHFWURQ�LV�FRQYHUWHG�WR�H[FLWDWLRQ�RI�WKH�FRUH�,W�LV�WKH�LQYHUVH�SURFHVV�WR�YLEUDWLRQDO�DXWRLRQL]DWLRQ�RI�KLJK�5\GEHUJ�VWDWHV��VHH�5HI�����RI�>��@��,W�WXUQV�RXW�WKDW�WKH�VWDELOLW\�RI�WKH�FRUH�H[FLWHG�+LJK�5\GEHUJ�VWDWH�SURGXFHG�YLD�WKH�DERYHGHVFULEHG SURFHVV�GHSHQGV�RQ�WKH�VWDELOLW\�RI�WKH�URYLEUDWLRQDOO\�H[FLWHG�FRUH��,I�WKH�FRUH�RI�WKHVXSHUH[FLWHG KLJK�5\GEHUJ�VWDWH�FDQ�UHWDLQ�WKLV�³H[FHVV�HQHUJ\´�ZLWKRXW�GLVVRFLDWLQJ��WKHQ�LW�EHKDYHVOLNH D�UHJXODU�=(.(�VWDWH�ZLWK�FKDUDFWHULVWLFDOO\�ORQJ�OLIHWLPHV�>�@��2Q�WKH�RWKHU�KDQG��LI�WKH�FRUH�LVXQVWDEOH� LW�FDQ�GLVVRFLDWH�UDSLGO\��LQ�VRPH�FDVHV��WKH�5\GEHUJ�HOHFWURQ����ZKLFK�LV�PHUHO\�D�VSHFWDWRUWR WKH�FRUH�GLVVRFLDWLRQ�SURFHVV����FDQ�KROG�RQ�WR�RQH�RI�WKH�IUDJPHQWV�WKXV�IRUPLQJ�D�IUDJPHQW��RUGDXJKWHU��5\GEHUJ�VWDWH�>��@�7KH�SURGXFWLRQ�RI�HOHFWURQV�DQG�ORQJ�OLYHG�KLJK�5\GEHUJ�VWDWHV�FRQFRPLWDQWO\�E\�PROHFXODUH[FLWDWLRQ� WRJHWKHU�ZLWK�WKH�H[WUHPHO\�ODUJH�HOHFWURQ�DWWDFKPHQW�FURVV�VHFWLRQV�DVVRFLDWHG�ZLWK�KLJK�5\GEHUJ VWDWHV��OHQGV�WR�D�VLPSOH�PHWKRG�IRU�QHJDWLYH�LRQ�IRUPDWLRQ��WKH�ODVHU�ZDYHOHQJWK�GRHV�QRWPDWWHU PXFK��DV�ORQJ�DV�WUDQVLWLRQV�WR�HQHUJLHV�DERYH�WKH�,3�FDQ�EH�DWWDLQHG���:H�REVHUYHG�HQKDQFHGQHJDWLYH LRQ�IRUPDWLRQ YLD�HOHFWURQ�DWWDFKPHQW�WR�FRUH�H[FLWHG�KLJK�5\GEHUJ�VWDWHV�RI�EHQ]HQHXVLQJ WKH�VDPH�72)�DSSDUDWXV�RI�)LJ����>��@��,Q�RUGHU�WR�REVHUYH�QHJDWLYH�LRQV��JULG����ZDV�JURXQGHGDQG D�QHJDWLYH�YROWDJH�SXOVH�ZDV�DSSOLHG�WR�JULG����WR�H[WUDFW�WKH�QHJDWLYH�LRQV�SURGXFHG�E\�WKH�ODVHUSXOVH� ,Q DGGLWLRQ�WR�DWWDFKLQJ�VSDFH�FKDUJH�WUDSSHG�HOHFWURQV� WKH�KLJK�5\GEHUJ�VWDWHV�DWWDFKHGHOHFWURQV IURP�RWKHU�QHDUE\�KLJK�5\GEHUJ�VWDWHV�>��@��WKLV�LV�TXLWH�VLPLODU�WR�ZKDW�KDSSHQV�LQ�WKHWHFKQLTXH GHYHORSHG� E\� 'XQQLQJ� DQG� FR�ZRUNHUV WR�PHDVXUH�WKH�FDSWXUH�RI�ZHDNO\�ERXQG�5\GEHUJ�HOHFWURQV�IURP�KLJK�5\GEHUJVWDWHV�RI�DWRPV�E\�PROHFXODU�JURXQG�VWDWHV�VHH IRU� H[DPSOH�� >��@�� ,Q RXU� FDVH� >��@�KRZHYHU� D�5\GEHUJ�HOHFWURQ�LV�DWWDFKHGE\ DQRWKHU� 5\GEHUJ� PROHFXODU� VWDWH�EHQ]HQH GRHV� QRW� FDSWXUH� HOHFWURQVVLJQLILFDQWO\ LQ� LWV� JURXQG� HOHFWURQLF� VWDWH>�����@��,Q UHFHQW� H[SHULPHQWV�� ZH� KDYHXQFRYHUHG�D SKHQRPHQRQ�WKDW�HQKDQFHV�WKHXVHIXOQHVV RI� WKLV� WHFKQLTXH� IRU� SRVVLEOHDQDO\WLFDO DSSOLFDWLRQV�DV�ZHOO�DV�FRQILUPVWKH EDVLF� PHFKDQLVP� RI� QHJDWLYH� LRQIRUPDWLRQ��7KH�QHJDWLYH�LRQ�IRUPDWLRQ�ZDVREVHUYHG WR� EH� IXUWKHU� HQKDQFHG� LQ� WKHSUHVHQFH RI�D�VPDOO�HOHFWULF�RU�PDJQHWLF�ILHOG>��@� WKLV�HQKDQFHG�VLJQDO�ZDV�VKRZQ�WR�EHGXH WR�ILOHG�LQGXFHG�OLIHWLPH�OHQJWKHQLQJ�RIWKH KLJK�5\GEHUJ�VWDWHV�>��@���/HQJWKHQLQJRI WKH�OLIHWLPHV�RI� WKH�KLJK�5\GEHUJ�VWDWHVGXH WR� VPDOO� H[WHUQDO� ILHOGV� KDV� EHHQUHSRUWHG LQ�=(.(�VWXGLHV�>�����@��7KH�HIIHFWRI D����*DXVV�PDJQHWLF�ILHOG�RQ�WKH�QHJDWLYH
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LRQ VLJQDO�LV�VKRZQ�LQ�)LJ����>��@��7KH�$U)�ODVHU�IOXQFH�IRU�WKHVH�VSHFWUD�ZDV����P-FP��� ,Q�RUGHU�WRREVHUYH�QHJDWLYH�LRQV�ZLWKRXW�WKH�PDJQHWLF�ILHOG��KLJKHU�ODVHU�IOXHQFHV�ZHUH�QHHGHG�7KH ODVHU� LQGXFHG� QHJDWLYH� LRQ� IRUPDWLRQ�PD\� EH� IXUWKHU� HQKDQFHG� E\� SURYLGLQJ� H[WUDHOHFWURQV IRU�DWWDFKPHQW��:H�KDYH�EXLOW�D�KLJK�FXUUHQW��!���$�DERYH�����H9��VLPSOH�HOHFWURQ�JXQ�ZLWK�� H9�UHVROXWLRQ��WR�SURYLGH�H[WHUQDO�HOHFWURQV�IRU�HOHFWURQ�DWWDFKPHQW��:H�DUH�WHVWLQJ�WKLV�QHZHOHFWURQ�JXQ�DW�WKH�WLPH�RI�WKLV�ZULWLQJ�
E��*DV�'LVFKDUJH�6WXGLHV

$V SURSRVHG�LQ�WKH������(063�SURSRVDO��ZH�KDYH�GHYLVHG�D�QRYHO�PHWKRG�IRU�WKH�H[FLWDWLRQRI KLJKO\�H[FLWHG�VWDWHV�RI�PROHFXOHV�IRU�HOHFWURQ�DWWDFKPHQW�VWXGLHV�XVLQJ�D�JDV�GLVFKDUJH��7KH�EDVLFLGHD LV�WR�DFKLHYH�PROHFXODU�H[FLWDWLRQ�YLD�H[FLWDWLRQ�WUDQVIHU�IURP�WKH�PHWDVWDEOH�VWDWHV�RI�UDUH�JDVHVWKDW DUH�HIILFLHQWO\�SURGXFHG�LQ�JORZ�GLVFKDUJHV��7KH�IROORZLQJ�GLVWLQFW�FKDUDFWHULVWLFV�RI�LQHUW�JDVHVPDNH�WKLV�SRVVLEOH�q ,Q�D�W\SLFDO�LQHUW�JDV�SODVPD��WKH�UHODWLYH�GHQVLW\�RI�PHWDVWDEOH�WR�JURXQG�VWDWH�DWRPV�LV���������ZKLOH�WKH�GHJUHH�RI�LRQL]DWLRQ�ZLWK�UHVSHFW�WR�JURXQG�VWDWH�SRSXODWLRQ�LV�RQO\������ >��@�q7KH UDUH�JDV�PHWDVWDEOHV�KDYH�UHODWLYHO\�KLJK�HQHUJLHV�O\LQJ�FORVH�WR�WKH�LRQL]DWLRQ���������WKUHVKROGV�RI�PROHFXODU�JDVHV��VHH�7DEOH�,,���

7DEOH�,,� (QHUJLHV�DQG�OLIHWLPHV�RI�WKH��PHWDVWDEOH�VWDWHV�RI�LQHUW�JDVHV�>��@�
,1(57*$6 67$7( (1(5*<�H9� /,)(7,0(�V�
+H ��6���6� �������� ��������1H ��3���3� �������� �����$U ��3���3� �������� ����.U ��3���3� ������� ������;H ��3���3� ������ ������
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5�*���(� � 0 � 0 � � H 	 � 5�*� ��D�� 0 �� �+5� � 5�*� ��E�

q 7KH�PHWDVWDEOH�VWDWHV�RI�LQHUW�JDVHV�KDYH�ORQJ�OLIHWLPHV��VHH�7DEOH�,,��(YHQ�DW�DQ�DPELHQWSUHVVXUH�RI����7RUU��WKHLU�OLIHWLPHV�DUH�ORQJ�HQRXJK�IRU�WKHP�WR�FDUU\�WKH�H[FLWDWLRQ��������GLVWDQFHV�RI WHQV�RI�FP�>��@��7KHUHIRUH��WKH\�FDQ�DFW�DV�HQHUJ\�UHVHUYRLUV�DQG�WUDQVIHU�����H[FLWDWLRQ�HQHUJLHV�RYHU�ORQJ�GLVWDQFHV�
q (YHQ� WKRXJK� WKH� ³LQHUW´� JDVHV� DUH� FKHPLFDOO\� LQHUW� LQ� WKHLU� JURXQG� VWDWHV�� WKH\� DUHKLJKO\�UHDFWLYH�LQ�WKHLU�H[FLWHG�PHWDVWDEOH�VWDWHV��7KH�FURVV�VHFWLRQV�IRU�H[FLWDWLRQ�WUDQVIHUIURP�UDUH�JDV�PHWDVWDEOH�VWDWHV�WR�D�ZLGH�YDULHW\�RI�PROHFXOHV�OLH�LQ�WKH�UDQJH�RI������� WR������ FP� >�����@�
7KH DSSDUDWXV�WKDW�ZH�EXLOW�WR�WHVW�WKH�LGHD�RI�SURGXFLQJ�KLJK�5\GEHUJ�VWDWHV�YLD�H[FLWDWLRQWUDQVIHU IURP�WKH�PHWDVWDEOH�VWDWHV�RI�LQHUW�JDVHV�LV�VKRZQ�LQ�)LJ�����WKH�PDVV�VSHFWURPHWHU�VKRZQLQ WKH�ILJXUH�LV�IRU�WKH�SURSRVHG�VWXGLHV���,Q�WKLV�³SODVPD�PL[LQJ´�PHWKRG��PHWDVWDEOH�VWDWHV�SURGXFHGLQ D�'&�JORZ�GLVFKDUJH�LQ�WKH�³VRXUFH�UHJLRQ´�ZHUH�WUDQVIHUUHG�WR�DQ�DGMRLQLQJ�³WDUJHW�UHJLRQ´�LQ�DIORZ DSSDUDWXV��LQ�WKH�³WDUJHW�UHJLRQ´��WKH�H[WUDFWHG�SODVPD�ZDV�PL[HG�ZLWK�D�WDUJHW�PROHFXODU�JDV�([FLWHG VWDWHV�RI�WKH�WDUJHW�JDV��SURGXFHG�YLD�H[FLWDWLRQ�WUDQVIHU��HIILFLHQWO\�DWWDFKHG�HOHFWURQV�WKDWZHUH�DOVR�FDUULHG�WR�WKH�WDUJHW�UHJLRQ�E\�WKH�JDV IORZ��$Q�D[LDO�PDJQHWLF�ILHOG�RI�� ����*DXVV�ZDVXVHG WR�FROOLPDWH�WKH�HOHFWURQV��7KH�PROHFXODU�JDV�ZDV�IHG�LQWR�WKH�WDUJHW�UHJLRQ��DQG�WKXV�ZDV�QRWGLUHFWO\�VXEMHFWHG�WR�WKH�GLVFKDUJH�'HSHQGLQJ RQ�WKH�PROHFXODU�JDV�XVHG�LQ�WKH�WDUJHW�UHJLRQ��DQ�DSSURSULDWH�LQHUW�JDV�FDQ�EHFKRVHQ�WR�EH�XVHG�LQ�WKH�GLVFKDUJH UHJLRQ�VR�WKDW�KLJKO\�H[FLWHG�VWDWHV�RI�WKH�PROHFXOHV�MXVW�EHORZRU DERYH�WKH�LRQL]DWLRQ�SRWHQWLDO�FDQ�EH�SRSXODWHG��,I�ZH�GHQRWH�WKH�PHWDVWDEOH�VWDWH�HQHUJ\�RI�WKHUDUH�JDV���5��*����E\�(��DQG�WKH�LRQL]DWLRQ�WKUHVKROG�RI WKH�UHDFWLYH�PROHFXOH���$%��E\�,��WKHQ�IRU�(!�,�

ZKHUH 0�+5� LV�D�FRUH�H[FLWHG�KLJK�5\GEHUJ�VWDWH�RI�0��7KH�SURFHVV���D��DERYH�LV�UHIHUUHG�WR�DV3HQQLQJ�LRQL]DWLRQ��'HSHQGLQJ RQ�WKH�UHODWLYH�PDJQLWXGHV�RI�WKH�LRQL]DWLRQ�WKUHVKROG�RI�0�DQG�WKHPHWDVWDEOH HQHUJ\�RI�WKH�UDUH�JDV��LRQL]DWLRQ�RU�H[FLWDWLRQ�RI�0�ZLOO�GRPLQDWH��)RU�ODUJH�YDOXHV�RI�(�,��LRQL]DWLRQ�RI�0�ZLOO�GRPLQDWH�1RZ��LQ�WKH�FDVH�RI�(���,��WKH�H[FLWDWLRQ�WUDQVIHU ZLOO�GLUHFWO\�\LHOG�+LJK�5\GEHUJ�VWDWHV�RI0�
5�*���(� � 0 � 0 ��+5� ����

,Q WKH�FDVH�RI�(���,�HIILFLHQW�H[FLWDWLRQ�WUDQVIHU�ZLOO�RFFXU�RQO\�LI�WKH�GHQVLW\�RI�H[FLWHG�VWDWHV�RI�0LV KLJK�DW�WKH�HQHUJ\�RI�WKH�PHWDVWDEOH�VWDWH�VLQFH�WKH�H[FLWDWLRQ�WUDQVIHU�LV�D�UHVRQDQW�SURFHVV�>�����@�IRU�SRO\DWRPLF�PROHFXOHV�WKLV�FRQGLWLRQ�LV�XVXDOO\�VDWLVILHG�LI��,���(� LV�D�IHZ�H9�
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6RXUFH�5HJLRQ7DUJHW�5HJLRQ

)ORZLQJ�$IWHU*ORZ�3ODVPD

+ROORZ&DWKRGH

/DVHU�%HDP
0ROHFXOHV

2SWLFDO:LQGRZ 3UREH3UREH $QRGH
5DUH*DV

0DJQHWLF�)LHOG

7R�3XPS
Fig. 6.  Plasma mixing apparatus.

7KHUHIRUH� D�KLJK�5\GEHUJ��+5��0�� VWDWHV�RI�D�JLYHQ�PROHFXOH�FDQ�EH�SURGXFHG�E\�FKRRVLQJDQ DSSURSULDWH�LQHUW�JDV��LRQL]DWLRQ�SRWHQWLDOV�RI�PROHFXOHV�QRUPDOO\�OLH�LQ�WKH�UDQJH�RI����WR����H9>��@ DQG�WKRVH�RI�LQWHUHVW�WR�WKLV�SURJUDP�KDYH�LRQL]DWLRQ�SRWHQWLDOV�EHORZ�� ���H9��VHH�7DEOH�,,�IRUHQHUJLHV RI�WKH�PHWDVWDEOH�VWDWHV�RI�LQHUW�JDVHV���,Q�IDFW��$U�ZLWK�D�PHWDVWDEOH�VWDWH�HQHUJ\�RI�� ����H9�FRXOG�EH�XVHG�DOPRVW�H[FOXVLYHO\�IRU�WKH�PROHFXOHV�RI�LQWHUHVW�WR�WKLV�SURJUDP�VLQFH�$U�LV�IDLUO\LQH[SHQVLYH�,W PXVW�EH�QRWHG�WKDW�ZH�FDPH�XS�ZLWK�WKLV�LGHD�LQ������EDVHG�RQ�D�UHSRUW�RI�HIILFLHQW�+� DQG&+� UDGLFDO�IRUPDWLRQ�LQ�&+� E\�D�-DSDQHVH�UHVHDUFK�WHDP�>�����@�LQ�D�SODVPD�PL[LQJ�DSSDUDWXV�RQZKLFK�ZH�EDVHG�RXU�DSSDUDWXV VKRZQ�LQ�)LJ������7KH\�KDG�H[SODLQHG�WKHLU�REVHUYDWLRQV�DV�IROORZV��L� WKH�+� IRUPDWLRQ�ZDV�DWWULEXWHG�>��@�WR�HQKDQFHG�HOHFWURQ�DWWDFKPHQW�WR�YLEUDWLRQDOO\�H[FLWHG�+�SURGXFHG YLD�WKH�UHDFWLRQ��&+� ��H� â &+� ��+� ��H�� DQG��LL��WKH�&+� IRUPDWLRQ�ZDV�DWWULEXWHG�>��@WR WKH�UHDFWLRQ�&+� ��H�â &+� ��+ ��H�� +RZHYHU��LW�LV�XQOLNHO\�WKDW�VXEVWDQWLDO�GLVVRFLDWLRQ�RI�&+�RFFXUUHG LQ�WKH�³WDUJHW�UHJLRQ´��VHH�)LJ�����ZKHUH�WKH�HOHFWURQ�WHPSHUDWXUH�ZDV�VKRZQ�WR�EH�������H9>��@�� WKH� WKUHVKROG� HOHFWURQ� HQHUJ\� IRU� GLVVRFLDWLRQ� RI� &+� LV�� ��� H9� >��@�� )XUWKHUPRUH�� +�SURGXFWLRQ ZDV�VKRZQ�>��@�WR�EH�HQKDQFHG�ZKHQ�WKH�SLQ�KROORZ�FDWKRGH�>��@�ZDV�RSHUDWHG�WR�\LHOGORZ�HQHUJ\ HOHFWURQV�$W WKDW�WLPH��ZH�SRLQWHGRXW� >��@� WKDW� KLJKO\�H[FLWHG VWDWHV� RI� &+�FDQ�EH�SRSXODWHG�LQ�WKHWDUJH W � UHJLRQ� E\H[FLWDWLRQ WUDQVIHU�IURP$U PHWDVWDEOH� VWDWHV�5HDFWLRQ ������ DERYH�DQG WKHVH� VWDWHV� FDQD W W D F K � H O H F W U R Q VGLVVRFLDWLYHO\ WR� \LHOGERWK� +� DQG� &+�� L�H��&+� ��H� â &+� ��+��: H � K D Y HFRQILUPHG >�����@� WKHYDOLGLW\RI�RXU�SURSRVHGPHFKDQLVP E\�VWXG\LQJD QXPEHU�RI�UDUH�JDV�PROHFXODU�JDV�FRPELQDWLRQV��LQFOXGLQJ�WKH�$U�&+� FRPELQDWLRQ�XVHG�E\�,L]XNDHW DO��>��@��,Q�WKH�LQLWLDO�H[SHULPHQWV�>�����@��D�/DQJPXLU�SUREH�ZDV�XVHG�WR�PRQLWRU�WKH�HOHFWURQGHQVLW\ LQ�WKH�WDUJHW�UHJLRQ��:H�VKRZHG��WKDW�WKH�HOHFWURQ�GHQVLW\�LQ�WKH�WDUJHW�UHJLRQ�LQFUHDVHG�IRUWKH FDVHV�ZKHUH�(�!�,��VHH�(T����D���%XW�ZKHQ�(���,��WKH�HOHFWURQ�GHQVLW\�GHFUHDVHG�GXH�WR�WKH�FDSWXUHRI�WKH�HOHFWURQV�E\�WKH�H[FLWHG�VWDWHV�RI�PROHFXOHV�SURGXFHG�YLD�H[FLWDWLRQ�WUDQVIHU�+RZHYHU� HYHQ�LQ�WKH�FDVH�RI�(�!�,��QHJDWLYH�LRQ�IRUPDWLRQ�VWLOO�RFFXUUHG�GXH�WR�HOHFWURQFDSWXUH E\�WKH�FRUH�H[FLWHG�5\GEHUJ�VWDWHV��HYHQ�WKRXJK�WKH�ORVV�RI�HOHFWURQV�ZDV�PDVNHG�E\�WKHJHQHUDWLRQ RI�HOHFWURQV�GXH�WR�3HQQLQJ�LRQL]DWLRQ��:H�LOOXVWUDWHG�WKH�IRUPDWLRQ�RI�2� LRQV�IRU�WKH$U�12 FRPELQDWLRQ�E\�SKRWRGHWDFKLQJ�WKH�2� LRQV�XVLQJ�D�ODVHU�>��@��,Q�WKLV�FDVH��FRUH�H[FLWHG�12
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VWDWHV RI�12�O\LQJ�DERYH�WKH�LRQL]DWLRQ�WKUHVKROG�������H9��ZHUH�SURGXFHG�E\�H[FLWDWLRQ�WUDQVIHUIURP�$UP��VHH�(T����E���7KH�FURVV VHFWLRQV�IRU�H[FLWDWLRQ�WUDQVIHU�IURP�$UP WR�12 DUH�RI�WKH�RUGHURI ����� FP� >��@���7KH�ORZ�HQHUJ\�HOHFWURQV�SUHVHQW�LQ�WKH�WDUJHW�UHJLRQ��FDUULHG�E\�WKH�JDV�IORZ�IURPWKH GLVFKDUJH� UHJLRQ�� DWWDFKHG� GLVVRFLDWLYHO\� WR�12� OHDGLQJ� WR� WKH� IRUPDWLRQ� RI�2� LRQV�� 7KHSURGXFWLRQ�RI�2� LRQV�LQ�WKH�WDUJHW�UHJLRQ�ZDV�YHULILHG�LQ�D�SKRWRGHWDFKPHQW�H[SHULPHQW�>��@�,W PXVW�EH�QRWHG� WKDW�GLVVRFLDWLYH�HOHFWURQ�DWWDFKPHQW� WR�12 PROHFXOHV� LQ� WKHLU�JURXQGHOHFWURQLF VWDWH RFFXUV�IRU�HOHFWURQ�HQHUJLHV�EHWZHHQ��� DQG������H9�ZLWK�D�PD[LPXP�FURVV�VHFWLRQRI������� FP� >��@��LQ�RXU�H[SHULPHQWV��WKH�HOHFWURQ�WHPSHUDWXUH�LQ�WKH�WDUJHW�UHJLRQ�ZDV�RQO\�� ��H9�7KHUHIRUH� WKH�2� IRUPDWLRQ�FRXOG�QRW�KDYH�EHHQ�GXH�WR�HOHFWURQ�DWWDFKPHQW�WR�JURXQG�VWDWH�12�>��@�2Q WKH�RWKHU�KDQG��ZH�KDYH�DOVR�REVHUYHG�>��@�HIILFLHQW�2� IRUPDWLRQ�LQ�ODVHU�H[FLWHG KLJK�5\GEHUJVWDWHV�RI�12�1RWH� :H�VHOHFWHG�12�IRU�WKH�DERYH�VWXG\�EHFDXVH�LW�SURGXFHV�WKH�2� LRQ�E\�DWWDFKPHQWZKLFK WKHQ� FDQ� EH�PRQLWRUHG� XVLQJ� D� SKRWRGHWDFKPHQW� H[SHULPHQW�� L�H��� WKLV�ZDV� D� ³SURRI�RI�SULQFLSOH´ H[SHULPHQW���,Q�WKLV�SURSRVDO�ZH�UHTXHVW�IXQGV�IRU�D�TXDGUXSROH�VSHFWURPHWHU��VR�WKDW�ZHFDQ�REVHUYH�QHJDWLYH�LRQV�GXH�WR�WKH�SRO\DWRPLF�PROHFXOHV�RI�LQWHUHVW�WR�WKH�(063�SURJUDP�
,Q DGGLWLRQ�WR� WKH�SODVPD�PL[LQJ�VFKHPH��ZH�DOVR�LQYHVWLJDWHG�D�SXOVHG JORZ�GLVFKDUJHPHWKRG IRU�SURGXFLQJ�QHJDWLYH�LRQV��,W�KDG�EHHQ�NQRZQ�WKDW�HIILFLHQW�+� IRUPDWLRQ�FDQ�EH�DFKLHYHGLQ D�SXOVHG�GLVFKDUJH�RI�+� >�����@� ,Q� WKH������(063�SURSRVDO��ZH� KDG�SURSRVHG� WR� WHVW� WKHSRVVLELOLW\ WKDW�WKLV�ZDV�GXH�WR�WKH�SURGXFWLRQ�RI�KLJK�5\GEHUJ�VWDWHV�GXULQJ�WKH�SXOVHG�³RQ´�WLPH�ZKLFK OLYH�ZHOO�LQWR�WKH�DIWHUJORZ�WR�FDSWXUH�WKH�ORZ�HQHUJ\�HOHFWURQV�LQ�WKH�DIWHUJORZ�>��@��,Q�RUGHUWR WHVW� WKLV� LGHD�ZH� FRQGXFWHG� D� SXOVHG� GLVFKDUJH� VWXG\� RQ�2� �,W�ZDV� GLIILFXOW� WR� REWDLQ� D�+�GLVFKDUJH�LQ�RXU�DSSDUDWXV�� :H�FRQILUPHG�HIILFLHQW�SURGXFWLRQ�RI�2� LQ�WKH�SXOVHG�GLVFKDUJH�E\FRQGXFWLQJ�D�/DQJPXLU�SUREH�DVVLVWHG� ODVHU�SKRWRGHWDFKPHQW�H[SHULPHQW� >��@��%\�VWXG\LQJ� WKHGHSHQGHQFH RI�WKH�2� \LHOG�RQ�YDULRXV�H[SHULPHQWDO�SDUDPHWHUV�VXFK�DV�SUHVVXUH�DQG�SXOVH�ZLGWK��ZHSUHVHQWHG HYLGHQFH� WR� VKRZ� WKDW� WKH�2� IRUPDWLRQ�ZDV�GXH� WR� HQKDQFHG� HOHFWURQ� DWWDFKPHQW� WR5\GEHUJ�VWDWHV�>��@��7KHUHIRUH� ZH�PD\�EH�DOVR�DEOH�WR�SURGXFH�QHJDWLYH�LRQV�RI�SRO\DWRPLF�PROHFXOHV�RI�LQWHUHVWWR WKH�(063�SURJUDP�XVLQJ�WKLV�SXOVHG�JORZ�GLVFKDUJH�WHFKQLTXH��:H�FDQ�XVH�WKH�VDPH�TXDGUXSROHPDVV VSHFWURPHWHU�WKDW�ZH�UHTXHVWHG�IRU�WKH�SODVPD�PL[LQJ�H[SHULPHQWV�WR�REVHUYH�WKH�QHJDWLYH�LRQPDVV�VSHFWUD�IURP�VXFK�SRO\DWRPLF�PROHFXOHV�

'��5(/(9$1&(��,03$&7��$1'�7(&+12/2*<�75$16)(5
Sensitive and selective detection of dense non-aqueous phase liquids (DNAPLS), volatile

organic compounds (VOC) and other organics, such as polychlorinated biphenyls (PCB), is an area
of continuing importance for the DOE EM program. These classes of compounds are commonly
found as pollutants at waste sites, and their presence and concentrations in soil and groundwater
must be determined to direct remediation efforts and to provide post-remediation monitoring. 

Analytical techniques that employ negative ion based-detection are presently being used for
the detection of chlorinated DNAPLs and PCBs. The existing techniques are suitable only for
highly-chlorinated compounds with appropriate electron capture cross sections (> about 10-17 cm2).
Also,  for PCBs with low numbers of chlorine atoms and VOCs, such as benzene and toluene, the
detection by either electron capture chromatographic detectors or by negative ion chemical ionization



17

mass spectrometry is not sensitive. In order to expand the applicability of the negative ion based
techniques, a new generation of analytical instruments need to be developed.

Our techniques are based on an entirely new concept of enhanced electron attachment to
highly-excited states of molecules, which has been shown to occur in a wide variety of molecules
with orders of magnitude larger cross sections compared to the corresponding ground states. 

The potential benefits of the proposed research are improved sensitivity for the detection of
DNAPLs, VOCs, PCBs, and other harmful compounds in soil and groundwater at contaminated
DOE sites using a technology that could be field usable and more user friendly than the existing
methods. Because this negative ion formation process is far more efficient than the most efficient
negative ion formation processes that are currently being used, an overall gain in sensitivity is
possible. Furthermore, this enhanced electron attachment process occurs in a wide variety of
molecular species, and hence the proposed techniques will have wider applicability as well. We have
illustrated the potential of this new approach during the past three years.

E. PROJECT PRODUCTIVITY

This project resulted in 11 peer-reviewed publications (Section G.a. below), 3 full papers at
conferences (Section G.b. below), and 1 patent (Section J below).

F. PERSONNEL ASSOCIATED WITH THE PROJECT

Lal A. Pinnaduwage, Research Professor, Department of Physics, The University of Tennessee
Michelle V. Buchanan, Associate Division Director, Oak Ridge National Laboratory 
Gregory B. Hurst, Staff Member, Oak Ridge National Laboratory 

G. PUBLICATIONS

a. Peer-Reviewed Publications

�� /��$��3LQQDGXZDJH�DQG�<��=KX��³/RQJ�7LPH�6WDELOLW\�RI�6XSHUH[FLWHG�+LJK�5\GEHUJ�0ROHFXODU6WDWHV´��&KHP��3K\V��/HWW������������������
�� /��$��3LQQDGXZDJH��:��;��'LQJ��DQG�'��/��0F&RUNOH��³(QKDQFHG�(OHFWURQ�$WWDFKPHQW�WR�+LJKO\([FLWHG�0ROHFXOHV�8VLQJ�D�3ODVPD�0L[LQJ�6FKHPH´��$SSO��3K\V��/HWW������������������
���$��0��0DEHO��6��+��/LQ��DQG�/��$��3LQQDGXZDJH��³3RWHQWLDO�(QHUJ\�6XUIDFHV�RI�+��³�&KHP��3K\V��/HWW������������������
�� /��$��3LQQDGXZDJH�DQG�<��=KX��³+LJK�5\GEHUJ�)UDJPHQW�)RUPDWLRQ�YLD�&RUH�'LVVRFLDWLRQ�RI6XSHUH[FLWHG�5\GEHUJ�0ROHFXOHV´��-��&KHP��3K\V�������������������
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���.��1DJHVKD�DQG�/��$��3LQQDGXZDJH��³2� )RUPDWLRQ� IURP�2� YLD�5\GEHUJ�5\GEHUJ�(OHFWURQ7UDQVIHU´�-��&KHP��3K\V� �����������������
�� :��'LQJ��'��/��0F&RUNOH�� DQG�/��$�� 3LQQDGXZDJH�� ³(QKDQFHG�1HJDWLYH� ,RQ�)RUPDWLRQ� E\(OHFWURQ $WWDFKPHQW�WR�+LJKO\�([FLWHG�0ROHFXOHV�LQ�D�)ORZLQJ�3ODVPD´��-� $SSO��3K\V� ���������������
����/��$��3LQQDGXZDJH��:��'LQJ���'��/��0F&RUNOH��6��+��/LQ��$��0��0HEHO��DQG�$��*DUVFDGGHQ�³(QKDQFHG (OHFWURQ� $WWDFKPHQW� WR� 5\GEHUJ� 6WDWHV� LQ� 0ROHFXODU� +\GURJHQ� 9ROXPH'LVFKDUJHV´��-��$SSO��3K\V�������������������
����:��'LQJ��/��$��3LQQDGXZDJH� &��7DY��DQG�'��/��0F&RUNOH��³7KH�5ROH�RI�+LJK�5\GEHUJ�6WDWHVLQ (QKDQFHG�2� )RUPDWLRQ�LQ�D�3XOVHG�2� 'LVFKDUJH´��3ODVPD 6RXUFHV�6FL��7HFKQRO�� �� ���������������
�� /��$��3LQQDGXZDJH��.��1DJHVKD��<��=KX��0��9��%XFKDQDQ��DQG�*��%��+XUVW��³/DVHU�(QKDQFHG1HJDWLYH� ,RQ�0DVV� 6SHFWURVFRS\� IRU�:HDNO\�(OHFWURQ�$WWDFKLQJ� 6SHFLHV´�� ,QW� -��0DVV6SHFWURPHWU\ ������������������
��� .��1DJHVKD�DQG�/��$��3LQQDGXZDJH��³0DJQHWLF�DQG�(OHFWULF�)LHOG�,QGXFHG�(QKDQFHPHQWV�LQ�/DVHU�,QGXFHG�$QLRQ�)RUPDWLRQ´��&KHPLFDO�3K\VLFV�/HWWHUV�������������������
��� &��7DY�DQG�/��$��3LQQDGXZDJH��³'LVVRFLDWLYH�(OHFWURQ�$WWDFKPHQW�WR�/DVHU�([FLWHG�%HQ]HQH´�-��3K\V��'��$SSO��3K\V������������������������
b. Full Papers Published in Conference Proceedings:

�� /��$��3LQQDGXZDJH��³,PSOLFDWLRQV�RI�(OHFWURQ�$WWDFKPHQW�WR�+LJKO\�([FLWHG�6WDWHV�LQ�3XOVHG3RZHU 'LVFKDUJHV´�'LJHVW�RI�7HFKQLFDO�3DSHUV�RI�WKH���WK ,(((�3XOVHG�3RZHU�&RQIHUHQFH��(GV� *��&RRSHUVWHLQ�DQG�,��9LWNRYLWVN\���,(((�3XEOLVKLQJ�6HUYLFHV��1HZ�<RUN��������SS�����������
��� /�� $�� 3LQQDGXZDJH��:�� ;�� 'LQJ�� DQG� '�� /�� 0F&RUNOH�³(QKDQFHG� (OHFWURQ� $WWDFKPHQW� WR6XSHUH[FLWHG�5\GEHUJ�6WDWHV�RI�0ROHFXODU�+\GURJHQ�8VLQJ�D�3ODVPD�0L[LQJ�6FKHPH´�3URFHHGLQJV�RI��WKH������,QWHUQDWLRQDO�&RQJUHVV�RQ�3ODVPD�3K\VLFV��(G��%\�3��3DYOR��SS����������������
�� /��$��3LQQDGXZDJH��:��;��'LQJ��'��/��0F&RUNOH��DQG�&��<��0D��³(QKDQFHG�(OHFWURQ�$WWDFKPHQWWR +LJKO\�([FLWHG�0ROHFXOHV�DQG�,WV�$SSOLFDWLRQV�LQ�3XOVHG�3ODVPDV´��'LJHVW�RI�7HFKQLFDO3DSHUV RI�WKH���WK ,(((�3XOVHG�3RZHU�&RQIHUHQFH���,(((�3XEOLVKLQJ�6HUYLFHV��1HZ�<RUN�
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�LQ�SUHVV�������
H. INTERACTIONS

�� �/RQJ�7LPH� 6WDELOLW\� RI� 6XSHUH[FLWHG� +LJK� 5\GEHUJ�0ROHFXODU� 6WDWHV��� <�� =KX� DQG� /�� $�3LQQDGXZDJH� ��WK $QQXDO�*DVHRXV�(OHFWURQLFV�&RQIHUHQFH��0DGLVRQ��:LVFRQVLQ��2FWREHU�����������
���³(QKDQFHG�(OHFWURQ�$WWDFKPHQW�WR�6XSHUH[FLWHG 5\GEHUJ�6WDWHV�RI�0ROHFXODU�+\GURJHQ�8VLQJD 3ODVPD�0L[LQJ�6FKHPH´��/��$��3LQQDGXZDJH��:��;��'LQJ��DQG�'��/��0F&RUNOH��SUHVHQWHGDW WKH������,QWHUQDWLRQDO�&RQJUHVV�RQ�3ODVPD�3K\VLFV��3UDJXH��&]HFK�5HSXEOLF��-XQH�����-XO\��������
�� ³1RYHO�$QDO\WLFDO�7HFKQLTXHV�%DVHG�RQ�DQ�(QKDQFHG�(OHFWURQ�$WWDFKPHQW�3URFHVV´��/��$�3LQQDGXZDJH� 0�� 9�� %XFKDQDQ�� DQG� *�� %�� +XUVW�� � SUHVHQWHG� DW� WKH� (QYLURQPHQWDO0DQDJHPHQW�6FLHQFH�3URJUDP�:RUNVKRS��&KLFDJR��,/��-XO\�������������
��� /� $��3LQQDGXZDJH��:��;��'LQJ��DQG�'��/��0F&RUNOH��³(QKDQFHG�(OHFWURQ�$WWDFKPHQW�WR5\GEHUJ 6WDWHV� LQ� 0ROHFXODU� +\GURJHQ� 9ROXPH� 'LVFKDUJHV´�� SUHVHQWHG� DW� WKH� ����&HQWHQQLDO�0HHWLQJ�RI�WKH�$PHULFDQ�3K\VLFDO�6RFLHW\��0DUFK��������$WODQWD��*$�������
�� :��;��'LQJ��/��$��3LQQDGXZDJH��&��7DY��DQG�'��/��0F&RUNOH��³2� )RUPDWLRQ�E\�(OHFWURQ$WWDFKPHQW WR�+LJK�5\GEHUJ� 6WDWHV´�� SUHVHQWHG� DW� WKH� �����&HQWHQQLDO�0HHWLQJ� RI� WKH$PHULFDQ�3K\VLFDO�6RFLHW\��0DUFK��������$WODQWD��*$�������
�� �0DJQHWLF�DQG�(OHFWULF�)LHOG�,QGXFHG�(QKDQFHPHQWV�LQ�/DVHU�,QGXFHG�$QLRQ�)RUPDWLRQ���.�1DJHVKD�DQG�/��$��3LQQDGXZDJH����QG $QQXDO�*DVHRXV�(OHFWURQLFV�&RQIHUHQFH��1RUIRON�9LUJLQLD��2FWREHU�����������
�� �'LVVRFLDWLYH�(OHFWURQ�$WWDFKPHQW�WR�/DVHU�([FLWHG�%HQ]HQH����&��7DY�DQG�/��$��3LQQDGXZDJH���QG $QQXDO�*DVHRXV�(OHFWURQLFV�&RQIHUHQFH��1RUIRON��9LUJLQLD��2FWREHU�����������
�� ³(OHFWURQ�$WWDFKPHQW�WR�5\GEHUJ�6WDWHV�DQG�,WV�,PSOLFDWLRQV�IRU�/RZ�7HPSHUDWXUH�3ODVPDV´����UG$QQXDO�*DVHRXV�(OHFWURQLFV�&RQIHUHQFH��+RXVWRQ��7H[DV��2FWREHU�������������
I. TRANSITIONS

This technology is not yet at a stage where it can be used in the field.
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J. FUTURE WORK

This project was terminated in 2000.
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